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Abstract 
A new class of steels is going to be introduced into sheet manufacturing. Stainless ferritic and martensitic steels 
open up opportunities for sheet metal fabrication including hot stamping. Strengths of up to 2 GPa at fracture 
elongations of 15% can be attained through this. Welding of these materials, as a result, became a challenge. 
Energy-reduced welding methods with in-situ heat treatment are required in order to ensure the delicate and 
complex heat control. Laser beam welding is the joining technique of choice to supply minimum heat input to the 
fusion process and to apply efficient heat control. For two application cases, tailored blank production in as-rolled 
condition and welding during assembly in hot stamped condition, welding processes have been developed. The 
welding suitability is shown through metallurgical investigations of the welds. Crash tests based on the KS-II 
concept as well as fatigue tests prove the applicability of the joining method. 
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
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1. Introduction 
The requirement on materials and resource efficiency of for vehicles, chemical equipment, and machines are 
obtained by improved product design, increased strength of the materials used, and by application of novel 
manufacturing technologies. Martensitic stainless steels offer great opportunities for lightweight construction. They 
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show interesting properties, especially high strength. By hot stamping, an ultimate tensile strength between 1000 and 
2000 MPa are attained. 
By application of a suitable tempering treatment, fracture strains of greater than 12% can be observed (figure 1). 
Hence, they become candidate for applications, such as in components subjected to crash. Through hot stamping, 
moulded components can be produced with high accuracy. 
Fig. 1. Achievable mechanical properties of stainless steels compared to a low alloyed boron steel. 
At present, processing windows of the ferritic 1.4003 are available. As the ferritic-martensitic grades are rated 
non-weldable, no process domains exist for welding of these materials. Welding in hot stamped condition, which is 
required for assembly, is currently uncommon with all alloys. Also no information on the behaviour of the weld after 
hot stamping state is available. The aim of this study is to assess welding suitability of the three materials: the ferritic 
stainless steel X2C12 (1.4003), the quench-and-tempering steel X21C13 (1.4021), and the precipitation-hardening 
steel X45Cr13 (1.4034). Welding in as-rolled condition is applied in order to accommodate for the production of 
tailored blanks. In order to assess the properties of manufactured parts, the welds were also investigated after hot 
stamping. Welding in press hardened state aims at welding for assembly purposes. As the first step, the properties of 
homogenous welds were investigated. 
2. State of the art 
Hot stamping is a stamping technique which allows forming high-precision parts with low spring-back. Blanks 
are heated to austenitisation temperature and then formed and quenched in a mould. A tempering process restores 
the ductility of the material (Schäffner (2010)). There are a number of candidate materials, the most popular being 
boron-alloyed low alloy steels (Naderi et al. (2011) and Naderi (2007)). In order to prevent scaling during 
austenitisation boron steel sheets usually are coated with an Al-Si layer. This prevents oxidation but impairs 
hardenability after welding because of Al and Si become alloyed to the weld fused metal leading to a decreased 
critical quenching rate (Ganzer et al. (2009)). 
Numerous studies had been conducted on welding of the ferritic 1.4003 and comparable materials. Welding of 
the ferritic-martensitic steel grades has been done for some materials of the American designation A410 and A420 
which are not necessarily identical with the European definitions. For fusion-welding an austenitic consumable is 
used (Bhaduri et al. (2000), Taban et al. (2009b)).The general procedure of welding is to pre-heat the material to be 
welded to martensite start temperature, cool from the welding temperature to 150 to 200°C, followed by tempering 
at 750°C (Schulze (2004)). Different modes of heat treatment have been investigated to assess the retained austenite 
content and the carbide precipitation (Alvarez-Moreno (1992)) and the effects of high cooling rates and intervals 
(Barlow (2009)). A Schaeffler curve dedicated to ferritic-martensitic steels allows the prediction of an approximate 
microstructure (Balmforth et al. (2000)) to be expected at high cooling rates (David et al. 1987)). A new formula for 
the calculation of the martensite start temperature has been developed, which increases the accuracy of its prediction 
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(Yang et al. (2012)). In a study of tempering of 1.4034 the principles of the formation of retained and reverted 
austenite and the optimum heat treatment parameters for that material were developed (Yuan et al. (2012)). Gas 
tungsten arc welding of A410 with an austenitic consumable was investigated and the effects on the heat-affected 
zone were appraised. Based on these findings subsequent heat treatment was defined (Bhaduri et al. (2000)). 
Studies on resistance spot welding (Badheka et al. (2009)) and diffusion welding (Kolukisa (2006)) of A420 have 
demonstrated the principal feasibility of solid-state welding of this class of steels. Modelling of laser deposition 
welding of A420 gives an insight into the formation of the cast structure under rapid solidification (Costa et al. 
(2003)). A specific study on post weld heat treatment conditions for welded A420 with 0.15 weight percent carbon 
refined the treatment procedures of the heat affected zone (Olabi and Hashmi (1998)). Laser beam welding was 
applied to the material X2CrNi12 and delivered crack-free welds (Taban et al. (2009a)), Specific work has been 
done for the development of laser weldable martensitic alloys for cladding in the class of A420 (van Rooyen et al. 
(2006)) and A410 (van Rooyen (2007)) with regard to microstructure, heat treatment, and mechanical. 
3. Welding conditions 
Welding was performed as autogenous laser beam welding. Square butt joints were produced applying two levels 
of heat input of 30 kJ/m and 50.7 kJ/m. Heat input is here defined as energy per unit length supplied by the laser 
beam source. In the first case a CO2 laser radiation was used. A beam power of 2.6 kW with a welding speed of 
5 m/min was applied. The laser beam was focused by an off-axis parabolic mirror with a focal length of 200 mm. 
This delivered at an intensity distribution TEM01, a focal spot radius of 175 µm. The higher input energy was 
attained using a Nd:YAG laser at 2 kW beam power, with a focal spot radius of 300 µm and a welding feed rate of 2 
m/min. 
     Table 1. Chemical composition of the steels under investigation.
Material  Chemical composition (in % by weight) 
C Mn Si Cr Ni P S N 
1.4003 
as rolled 0.016 1.04 11.06 11.06 0.43 0.024 0.0010 0.020 
press hardened 0.0216 1.05 11.12 11.12 0.499 0.021 0.0010 0.020 
1.4021 
as rolled 
0.21 0.63 0.46 13.29 -- 0.023 0.005 - 
press hardened 
1.4034 
as rolled 0.455 0.52 13.72 13.72 -- 0.025 0.0010 - 
press hardened 0.45 0.491 13.63 13.62 0.213 0.021 0.0022 0.030 
Pre-heating to martensite start temperature is performed by mid frequency induction. Laser beam cut edges were 
used as joint edges for welding. For 1.4003 the average HAZ thicknesses was found to be 71 µm in as rolled 
condition and 94µm in press hardened condition and for 1.4034 the average values are 67 µm and 118 µm, 
respectively. Materials in hot stamped state have larger HAZ thickness than in as rolled state due to the increase of 
the thermal conductivity. 
The materials contain 11 to 13 weight per cent chromium and have carbon contents ranging from 0.16 to 0.46 
weight percent. Table 1 reflects the alloy compositions of the three materials and their respective bandwidths. Data 
for the as rolled material are taken from a ladle analysis. The analysis of the press hardened materials was done by 
optical emission spectroscopy taken from the sheet material upon delivery. 
The as-rolled material was produced by a standard rolling process with a cold-rolling finishing stage. Heat 
treatment was applied by annealing at 750°C and air cooling. For hot stamping conditions the materials were heated 
to their specific austenitisation temperature. At that temperature the sheets were pressed and quenched at a cooling 
rate of 80 K/s. Tempering was done by heating to 400°C for 5 min followed by air cooling at a cooling rate of  
0.8 K/s. By this procedure the mechanical properties displayed in figure 1 had been achieved. All micrographs were 
taken from a slice perpendicular to the welding direction. All materials show slight texturing in rolling direction. 
The material 1.4003 as rolled shows a ferritic microstructure with finely scattered carbides. When hot stamped the 
microstructure becomes equiaxed. Ferrite grains are surrounded by colonies of lath martensite. The materials 1.4021 
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1.4034 shows in the as-rolled condition fine ferrite grains and densely dispersed carbides. After hot stamping, the 
base material exhibits the structure of martensite, finely distributed carbides and small amount of retained austenite 
(figure 2 a to c). 
Microstructure assessment was performed after developing specific etching methods for each material and state. 
Optical microscope and scanning electron microscope (SEM) were used for visualisation. Carbide quantification 
was carried out using etching with Killing’s etchant No. 2 to crop the carbides against the matrix. Assessment was 
done by intensity-based image processing. Images were taken from the visualisation by SEM. For the measurement 
of the retained austenite fraction two approaches were chosen. By optical microscopy of selectively etched 
specimens intensity and colour based image processing was applied. Assessment from SEM figures made use of 
texture-based image processing. 
4. Results 
4.1. Microstructure 
All welds were inspected according to DIN EN ISO 13919-1. Occasional edge mismatch occurred due to large 
span of the clamping device. The geometrical features fulfil the weld quality acceptance criteria of class B 
“stringent”. No porosity or cracks were found.
a) 1.4003 as rolled b) 1.4021 as rolled c) 1.4034 as rolled 
d) 1.4003 press hardened e) 1.4021 press hardened f) 1.4034 press hardened 
Fig. 2. Optical micrographs of the base materials in as-rolled (upper row) and press hardened condition (lower row). 
Figure 3 shows photographs of the microstructure of welds at square butt joints in sheet metal welded at room 
temperature. In the fused zone of 1.4003 a columnar structure consisting of ferrite with martensite at the grain 
boundaries and some retained austenite is seen. The heat-affected zone shows finer ferritic grains and some retained 
austenite. The medium carbon steel 1.4021 exhibits a columnar microstructure in the fusion zone consisting of 
Martensite and austenite with carbides between the columnar grains. At the fusion line some coarse carbide 
aggregations can be seen. In the fusion zone of the weld in 1.4034 a dendritic structure is found with the same 
phases found in material 1.4021. The heat-affected zone shows a zone of aggregated carbides with a width of 15 
µm. At the fusion line of 1.4021 this zone is 20 µm wide. Pre heating of the ferritic-martensitic steels will lead to an 
increase of the dendrite spacing. The same effect is observed by increasing the input energy. 
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After hot stamping the weld microstructure transforms into martensite and retained austenite. In the welds in 
1.4021 it was observed that the columnar structure changes to an equated one. Only in the material 1.4034 traces of 
the dendrites can be seen. The micro-structure of the heat-affected zones of all materials changed to martensite, 
retained austenite and finely dispersed carbides. 
a) 1.4003 b) 1.4021 c) 1.4034 
Fig. 3. Optical micrographs of the fused zone at the weld centre line (upper row) and the heat-affected zone at the fusion line
of the steels welded in as-rolled condition. 
After hot stamping the macro-structure in all materials is changed drastically. In optical macrographs the heat-
affected zone is not visible anymore only the fused zone can be distinguished. Slight changes can be observed by 
micro-sections.
  
  
a) 1.4003 b) 1.4021 c) 1.4034 
Fig. 4. Microstructure of  the fusion zone in press hardened condition- Fusion zone in the top row, heat affected zone in the lower row. 
20μm
20μm
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Figure 4 show the micrographs of the fusion zones and the heat-affected zone near the fusion line of the three 
materials. The microstructure of the fused zone of 1.4003 (figure 4a) is characterised by a fine grained ferritic-
martensitic microstructure. Solidification occurs in columnar mode. In the former heat-affected zone significant 
grain coarsening is visible. This might be an effect of grain growth during austenitisation. In figure 4b the micro-
structure of 1.4021 in hot stamped condition is shown. Also 1.4021 solidifies as columns in the fused zone. There is 
no significant change of the grain size in the fused zone and the heat-affected zone, respectively. Adjacent to the 
fusion line agglomerated carbides are visible. They were found to be globular in shape and densely distributed in the 
former heat-affected zone. In all other zones less dense distribution carbide with needle-shaped precipitations were 
observed. Carbides tend to distribute around tempered martensite. The microstructure of the fused zone in 1.4034 
(figure 4c) was found to be martensitic with blocky austenite. In the former heat-affected zone the microstructure 
consists of the same constituents, but obviously has a lesser content of austenite. Carbides were found to be 
distributed along martensite laths with sizes below 50 nm. 
4.2. Mechanical properties 
Figure 5 shows the results of the hardness measurements under all processing conditions at the in CO2 laser 
welds. Measurement was carried out with the Vickers test with a test load of 3 N. Welding in as-rolled condition 
produces a weld with increase hardness compared to the base material. Black and blue lines represent the hardness 
in as-rolled condition. For the ferritic material 1.4003 the weld hardness is 320 HV0.3. In the ferritic-martensitic 
material a peak hardness of 560 HV0.3 for 1.4021 and 610 HV0.3 for 1.4034 was measured. This is in accordance 
with the CCT curves. It can be clearly seen that pre-heating (blue line) does not change the peak hardness, but leads 
to wider seam and a lower hardness gradient in the heat-affected zone. The green and yellow graphs represent the 
hardness of welds in press hardened materials without pre-heating (green) and under pre-heating to martensite start 
temperature (yellow). Without pre-heating a local minimum in hardness in the heat-affected zone is observed. Upon 
pre-heating, a constant hardness profile was attained, except for 1.4021. At this material minimum hardness in the 
dip area stays at about 400 HV0.3 but shifted due to the increase of the width of the weld cause by preheating. 
Maximum hardness occurs in the fusion zone and is equal to that of a weld in as-rolled condition. 
a)1.4003 b) 1.4021 c) 1.4034 
Fig. 5. Cumulated hardness plots. 
After hot stamping, the welds showed different hardness characteristics. In the case of the low carbon material 
1.4003, hardness was found to be 320 HV0.3 and constant over the weld zone at. There was a small decrease in 
hardness values from the former fusion line to the weld centre line, about 5%. The mid and high carbon materials 
showed a different behaviour. An increase of hardness in the former heat-affected zone and a decrease in the fusion 
zone were measured. Peak hardness is 520 HV0.3 for 1.4021 and 580 HV0.3 for 1.4023. The hardness at the weld 
centre line was almost equal to that of the hardened base material, with values of 500 HV0.3 and 520 HV0.3,
respectively. It should be noted that the hardness values after hot stamping are below the values for the untempered 
weld material. 
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The response of the material under dynamic load was assessed by fatigue tests and crash tests based on the KS-II 
method. For obtaining information on the fatigue properties of square butt welds, fatigue tests under constant load 
were carried out at up to 107 load cycles. Besides the derivation of the fatigue strength and the influence of welding 
on the fatigue strength, different strategies for the pre- and post-heating were investigated. For reference fatigue tests 
on non-welded specimens were carried out. 
Fig. 6. Fatigue plot of 1.4034 welded in hardened state under different weld heat treatments. 
The slope of the resulting Wöhler curve shown in figure 6 curve is k = 5.9 for the regime of the low cycle 
fatigue up to the knee point. Behind the knee-point, which is at Nk = 3·10
5 cycles and Va,n,k = 262MPa, a fatigue 
strength reduction of 5% per decade is implied. With respect to a smaller scatter band lower fatigue strength is 
accepted. The test results of the Wöhler tests with specimens subjected to different pre- and post-heating processes 
can be presented in one scatter band of TV = 1:1.36. To describe the fatigue strength a Wöhler curve with the knee 
point at Nk = 1.5·10
5 cycles and Va,n,k = 165 MPa should be used. The slope is k = 3.2 for the low cycle fatigue 
regime up to the knee point and is nearly comparable to the International Institute of Welding recommendation 
(Hobbacher (2008)). Beyond the knee point a fatigue strength reduction of 10% per decade is implied. Due to the 
welding the fatigue strength decreased by about 44% at 1·107 cycles compared to the fatigue strength of the based 
material. 
Fig. 7. Force-displacement behaviour of 1.4034 joints. 
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Crash tests on the KS-II concept were carried out on the material 1.4034 welded in hot stamped condition. The 
results are displayed in figure 7 as force-displacement curves. Two U-shells were connected at their bases by a 
welded seam of 18 mm in length. During the tests the specimens were loaded by longitudinal shear load or cross 
tensile load with different load rates. For an examination of the exact absolute strength performance for the quasi-
static case at a deformation rate of v = 10 mm/s and crash loads (v = 2 m/s), the specimen deformation and bending 
moment occurrence of the sheets were excluded. For this purpose, a patented rigid LWF KS-II specimen geometry 
was chosen for tensile shear (0°) and tension (90°) tests (DVS (2007)). The length of the weld seam was set to 
18 mm while the thickness of the weld seam in the sheet interface was set to approx. 0.7 - 0.9 mm. The force-
displacement behaviour and the failure modes of laser beam welded joints of 1.4034 in press hardened condition are 
illustrated in figure 7. Each graph indicates characteristic force-displacement behaviour of a batch of five specimens. 
In general it can be shown, that failure occurs at a relatively high force value. While for tensile shear testing the 
joints break at forces from approx. 17.5 kN for quasi-static load and approx. 24 kN for crash load, the maximum 
forces to failure for tensile testing are lower with approx. 2 kN for quasi-static load and approximately 4.5 kN for 
crash load. Due to the high rigidity of the joints and the material being in hot stamped condition the displacement 
until the maximum force remains significantly low at 2 mm. For all joints, the maximum strength variation occurs 
within a small range of up to 9 %. In all cases the joints failure mode is a brittle fracture in the weld zone along the 
sheet interface and therefore a sudden decline in the force value.  
a) SEM micrograph showing blocky retained austenite  
    and lath martensite in 1.4034 b) Retained austenite content in 1.4003 
c) Retained austenite content in 1.4021 d) Retained austenite content in 1.4034 
Fig. 8. Phase compositions depending on the processing conditions in welded an hot stamped materials. 
4.3. Effect of weld heat treatment 
In order to attain information on the phase composition obtained after hot stamping an assessment of retained 
austenite was carried out.  For this assessment a structural approach utilising the structure morphology, visualised 
under an electron microscope, was chosen. 
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In figure 8a the SEM image of the microstructure of the base material of 1.4034. Blue arrow point at retained 
austenite red ones to martensite. The amount of retained austenite is calculated by image processing. From the bar 
charts in figure 8 b to d a dependency of the area fraction of retained austenite on the input energy during welding as 
well as the preheating mode can be deduced. The greatest amount is found in general in the fused zone. For 1.4003 
and 1.4021 a decrease of 24 and 27%, respectively, is calculated, whereas for 1.4034 a decrease of 20.2% is found. 
Hence, preheating leads to a decrease of retained austenite at the weld centre line fused zone by mean 24%. In the 
heat-affected zone certain scattering is observed. As for 1.4003 the decrease in austenite content is about 34% it is 
for 1.4021 and 1.4034 23.6 and 21.5%, respectively. This might reflect different measuring points within the heat-
affected zone, but the general trend can be confirmed. 
Preheating was applied to the materials 1.4021 and 1.4034 at their individual martensite start temperatures of 
350°C and 300°C, respectively. The effect on the area fraction of retained austenite is less pronounced compared to 
the input energy. In the fused zone the decrease amounts to about 10% independent of the preheat temperature and 
on the input energy. The decrease of the retained austenite content in the heat-affected zone was found to average 
12.7±1.4%. A dependency of the individual heat parameter was not observed.  
5. Conclusions 
The welding suitability of a ferritic grate 1.4003 and the martensitic-ferritic grades 1.4021 and 1.4034 in both as-
rolled and press-hardened condition has been demonstrated from a metallurgist point of view. Furthermore, all 
welds fulfilled the condition “stringent” of the weld quality standard RN ISO 13919-1. 
In as-rolled condition the high hardness in the weld zone require, for the ferritic-martensitic grades tempering 
after welding. For hot stamping this step can be omitted because of austenitising preparative step for this process.
After hot stamping the heat-affected zone is transformed completely. Even the segregation lines are restored. A 
slight decrease of hardness in the former high-temperature heat-affected zone and in the fusion zone indicates the 
presence of a weld. The weld zone shows an increased content of retained austenite and consequently a decrease in 
hardness.  
Mechanical properties were tested on the material 1.4034. Fatigue test results were displayed for the case of hot 
stamped tailored blanks. The fatigue strength of the welded specimen, determined by Wöhler tests, amounts to about 
44% at 1·107 cycles compared with the fatigue strength of the based material. The results indicate a fatigue class of 
slightly above FAT 100. Quasi-static and dynamic tests after the KS-II method reflect the behaviour of welds in 
hardened material for assembly. Load capacity and deformation are comparable to those of manganese boron steels. 
The scattering of the measurements ranges up to 9%. In all cases the joints failure mode is a brittle fracture in the 
weld zone. 
The content of retained austenite was found to depend on the heat input, and to a lesser degree, on the preheating. 
By this an opportunity for an additional tool for the control of hardness and strength can be utilised. A systematic 
research on the parameters and their effects is required. 
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